Vibration measurements are widely used in industry for detection of mechanical faults 1 . As the faults may arise during the manufacturing process, vibration-based diagnostics has become important also for quality control of commercial products, such as electric motors. The most common vibration sensor used in fault diagnostics is the piezo-electric accelerometer. However, accelerometers appear to be less attractive for online quality control because of several limitations, such as invasiveness and problematic installation on a tested product 2 . For this reason, the use of Laser Doppler Vibrometry (LDV) has become an increasingly popular technique 2-7 owing to the non-contact principle of the laser. However, despite the advantages of LDV, vibration measurements on rough surfaces can be distorted by undesired surface effects, resulting in speckle noise.
This paper is concerned with analysis of vibration signals measured by Laser Doppler Vibrometry (LDV) for the purpose of quality control on production lines. A new method has been developed in order to avoid the speckle noise occurring when rough surfaces are measured by LDV. The method has been embedded in an automatic test station for diagnostics of mechanical faults in electric motors.
Vibration measurements are widely used in industry for detection of mechanical faults 1 . As the faults may arise during the manufacturing process, vibration-based diagnostics has become important also for quality control of commercial products, such as electric motors. The most common vibration sensor used in fault diagnostics is the piezo-electric accelerometer. However, accelerometers appear to be less attractive for online quality control because of several limitations, such as invasiveness and problematic installation on a tested product 2 . For this reason, the use of Laser Doppler Vibrometry (LDV) has become an increasingly popular technique [2] [3] [4] [5] [6] [7] owing to the non-contact principle of the laser. However, despite the advantages of LDV, vibration measurements on rough surfaces can be distorted by undesired surface effects, resulting in speckle noise.
A new method for avoidance of speckle noise is presented. The goal of the proposed method is either confirmation that the measured signal is undistorted, or selection of an unaffected signal portion when the speckle noise is present. The method is applied on LDV signals prior to bearing fault detection. Figure 1 presents an on-line test station developed for the purpose of vibration-based quality control of electric motors 4, 5 . A typical measurement process consists of accelerating the motor, keeping it rotating at a constant speed for few seconds, and finally stopping the motor. Vibration signals are acquired by a 16-bit data acquisition board with a sampling frequency of 50 kHz. During the measurement, the motor is standing on a typical pal- let for assembly lines, with its axis in the vertical position. Motors have two bearings, one in the lower part of the rotor and one in the upper part. The most important and frequent faults of electric motors are due to the rotating parts, namely the bearings and the rotor. The diagnostic station should identify these faults. Therefore, vibration measurements are taken on both bearing housings in order to maximise signal-to-noise ratio for detecting anomalous vibrations of the rotating parts. Two industrial single-point vibrometers are used for this measurement, one for each bearing.
Measurement setup

Detection of speckle noise
Laser vibrometers operate reliably on clean and smooth surfaces where the amount of backscattered light is sufficient for subsequent signal processing 7 . However, when measurements are conducted on a rough surface (such as the bearing housing), undesired interference occurs and causes signal distortion, referred to as the speckle noise. This phenomenon forms a characteristic image shown in Fig. 2 .
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10.1117/2.1xxxxxx.xxxx Page 2/3 SPIE Newsroom It has been observed that speckle noise has a character of randomly occurring impulses which increase the amplitude of the affected samples. This results in samples with extreme amplitudes, i.e. outliers. For this reason, a specific indicator for detection of outliers has been designed. This indicator has been termed kurtosis ratio (KR) and is defined as:
where β 2 (x) is the kurtosis of the the raw vibration signal x, and β 2 (x t ) is the kurtosis of the trimmed signal x t . Kurtosis is defined as the fourth central statistical moment normalised by the fourth power of the standard deviation. The KR is based on kurtosis, because kurtosis is a measure of impulsiveness that can effectively quantify the impulsive character of speckle noise. The trimmed signal is obtained by thresholding of the raw signal in order to remove the outlying samples 8, 9 . As a result, β 2 (x t ) represents a robust estimate of kurtosis, which is unaffected by the presence of speckle noise. Detection of speckle noise operates as follows. When no speckle noise is present in x, values of β 2 (x) and β 2 (x t ) are comparable and thus KR(x) ≈ 1. On the contrary, KR(x) for a distorted signal is much greater than one, because outliers increase only β 2 (x), while β 2 (x t ) is unaffected. The signal is regarded as distorted when KR(x) exceeds the threshold of 2.
As multiple measurements are very time-consuming, signals distorted by speckle noise cannot be rejected and measured again, since strict time constraints are imposed on quality control processes on production lines. Therefore, such signals are further processed by an algorithm in order to obtain a signal region without the speckle noise. The input of the algorithm is a raw LDV signal; the output corresponds to the chosen undistorted region within the signal (when no errors are detected, the output equals to the input). The algorithm operates solely in the time domain and consists of: 1) band-pass filtering in the range 5-10 kHz, 2) segmentation of the filtered signal, 3) kurtosis ratio of each signal segment. A detailed description can be found in 9 .
The results
Measurements were conducted on good (healthy) bearings, thus no fault-related impulses should be present in the LDV signals.
The first example in Fig. 3 represents a successful case, in which the selected region is undistorted and the region length is satisfactory. As can be observed, band-pass filtering highlights the impulsive components, although the full-band signal also exhibits several random impulses. On the contrary, filtering is necessary in the second example, in which the measurement error is considerably less evident. The impulses can be seen only in Fig. 4(c) , since the wide-band spectrum is dominated by structural resonance frequencies. Selection of an undistorted region is very difficult due to a large number of measurement errors. In fact, only a very short region is available, resulting in a need to slightly shift the position of the laser beam and measure again the vibration signal. Otherwise the human operator should be informed about an excessively small amount of correct data. Nevertheless, the selected region indeed remains undistorted as no random impulses were not perceived during the hearing test.
Conclusion
This paper presents a method for avoiding speckle noise in vibration signals measured by Laser Doppler Vibrometry (LDV).
The method is applied to LDV signals measured on bearings of electric motors. Detection of speckle noise is based on a new statistical indicator KR (kurtosis ratio), which effectively quantifies the amount of random impulses generated by the speckle noise. As additional measurements are time-consuming, signals affected by the speckle noise are further processed by a timedomain algorithm in order to find an undistorted region of the signal. Experimental results demonstrate that speckle noise can be effectively avoided even in severely distorted signals.
